Abstract: Bark beetles cause widespread damages in the coniferous-dominated forests of central Europe and North America. In the future, areas affected by bark beetles may further increase due to climate change. However, the early detection of the bark beetle green attack can guide management decisions to prevent larger damages. For this reason, a field-based bark beetle monitoring program is currently implemented in Germany. The combination of remote sensing and field data may help minimizing the reaction time and reducing costs of monitoring programs covering large forested areas. In this case study, RapidEye and TerraSAR-X data were analyzed separately and in combination to detect bark beetle green attack. The remote sensing data were acquired in May 2009 for a study site in south-west Germany. In order to distinguish healthy areas and areas affected by bark beetle green attack, three statistical approaches were compared: generalized linear models (GLM), maximum entropy (ME) and random forest (RF). The spatial scale (minimum mapping unit) was 78.5 m 2 .
Introduction
In central Europe, climate change has been predicted to increase annual mean temperatures and cause more frequent extreme weather events. These effects are known for promoting forest diseases [1] . Salvage cuttings of trees affected by bark beetles (Ips typographus L.) resulted in considerable amounts of unplanned harvests in recent years in Germany [2] . Therefore, a terrestrial bark beetle monitoring program is implemented by the forest service in areas dominated by Norway spruce. However, new bark beetle spots are hard to identify and the surveys are time consuming and expensive.
By combining high resolution satellite imagery with terrestrial data, it may be possible to minimize the response time and reduce costs involved in the monitoring of large forested areas. Optical sensors (passive remote sensing systems) have proved to be useful for this purpose as they can detect changes in forest health over time especially using near-infrared channels [3] . The disadvantage of passive systems is that they are more affected by weather conditions than active systems. Active systems, such as synthetic aperture radar (SAR), are an alternative in regions where cloud cover complicates the acquisition of optical data [4] . Another advantage of SAR systems, in comparison with optical data, is the capability to penetrate the forest canopy to some degree. Since microwave and optical data offer complementary information that can improve the classification accuracy [5] , the combination of SAR and optical data has become an important focus of remote sensing research [6] .
The capabilities of optical satellite data to detect the first stage of a bark beetle infestation, known as the green attack, are limited because no discoloration of the needles occurs at this stage [3] . However, recently launched optical satellites include the red-edge band that allows the identification of changes in the health of green vegetation in early phases [7, 8] . The green attack is followed by red attack in which the identification of infested trees is easier due to the discoloration of the foliage in the visual spectrum [9] .
Murtha and Wiart [10] analyzed color-infrared aerial photographs to detect differences between lodgepole pine with and without bark beetle green attack in Canada. Although they observed spectral differences in the green and red channels, overlaps between the two classes did not allow to accurately distinguish between the infested and healthy trees. Heath [11] encountered similar challenges by using airborne multispectral data. In contrast, Roberts et al. [12] reported high accuracy for the early detection of bark beetle green attack in late May and early June with multispectral images. Schweigler [13] identified single Norway spruce trees with green attack in south-west Germany using visible bands of aerial panoramic photos. Marx [14] used multitemporal RapidEye data for the detection of forest stands with bark beetle green and red attack in eastern Germany. By means of supervised classification, red attack was identified with high accuracy. The identification of green attack was less satisfactory due to small differences in the spectral response between healthy and attacked trees. Eitel et al. [7] also used RapidEye data to analyze the capabilities of the red-edge band for early detection of stress induced by girdling of conifers in New Mexico. They concluded that RapidEye data may be useful for detecting bark beetle green attack.
SAR data have been frequently used for the detection and quantification of forest disturbances [4] . Recently, Tanase et al. [15, 16] analyzed TerraSAR-X images to map burned Mediterranean forest. Solberg et al. [17] evaluated TerraSAR-X data for monitoring pine sawfly damages in boreal forest, observing that backscatter intensity and coherence were sensitive to leaf area index variations. In addition, Ackermann and Klaus [18] reported that TerraSAR-X data was suitable for mapping pine sawfly defoliation in Germany.
Trees infested by bark beetles tend to have a lower tissue moisture content compared to non-infested trees [19, 20] . Considering the relationship between radar backscatter and the dielectric constant of tree tissues [21] , it may be expected that TerraSAR-X imagery can be used for identifying trees infested by bark beetles. Healthy trees should result in a higher SAR backscatter than dry (infested) or dead trees [22] . However, the accuracy of the image classification depends not only on the remote sensing data, but also on the classification method [23] . Furthermore, in the case of supervised classification, the accuracy also depends on the type, number and quality of the reference data [24, 25] . The number of ground observations of bark beetle green attack at endemic levels will often be limited, which highlights the importance of using statistical methods that can handle small sample sets.
This study aimed on evaluating the capabilities of RapidEye and TerraSAR-X imagery for detecting of areas affected by bark beetle green attack. An early detection of bark beetle (Ips typographus L.) green attack may guide management actions to prevent larger damages. RapidEye and TerraSAR-X imagery were evaluated separately and in combination. Three statistical approaches were compared: (a) generalized linear models (GLM), (b) maximum entropy (ME), and (c) random forest (RF). The principal difference between the approaches is that GLM and RF are suited for modelling more or less balanced presence-absence data, while ME is capable of handling presence-only data [26] . The three methods were selected with the aim of evaluating parametric, semiparametric and non-parametric approaches.
Material and Methods

Study Site and Field Data
The study site is located in the forest district of Biberach (Figure 1 ) in south-west Germany (48°8′N, 9°43′E). The study site was given by the overlap area of TerraSAR-X and RapidEye images (see Section 2.2) as well as spruce-dominated forest (Figure 1(b) , black polygon). The topography is flat with elevations between 500 m and 650 m above sea level. The forest in the study site is dominated by Norway spruce (Picea abies (L.) Karst.), which covered 71% of the area. Other tree species included beech (Fagus sylvatica L.) (14%) and oak (Quercus rubra and Quercus petrea (Liebl.)) (5%). The remaining 10% of the forest is covered by almost equal amounts of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), ash (Fraxinus excelsior), Scots pine (Pinus sylvestris L.), silver fir (Abies alba Mill), and European larch (Larix decidua). The age of the forest stands ranged between 10 and 100 years and tree heights varied between 10 m and 35 m [27] .
To ensure presence of trees with bark beetle green attack at the study site, three groups of eight trees were chosen to promote a bark beetle infestation with pheromone dispensers. The tree groups were located in a forest area that was separated from other forests by other land uses (Figure 1(c) ). The positions of the tree groups were determined by entomologists of the Forest Research Institute of Baden-Württemberg (FVA). The groups had to be as far away from interior edges as possible, but in areas with enough sunlight to ensure an adequate temperature for the development of the bark beetles. In parallel, the forest service carried out the conventional terrestrial monitoring of bark beetle attack in the entire forest district (Figure 1(b) , green polygon). The approximate location of the detected trees with symptoms was marked on maps with a scale of 1:10,000 to guide harvesting teams to the trees. These maps were used to obtain additional reference data for the study. DGPS coordinates with an approximate positioning accuracy of 3 m were collected for the marked locations on the maps with more than two infested neighboring trees. Trees infested by bark beetles located close to forest gaps or forest borders were omitted to avoid edge effects. A total of nine references (each comprising of three or more trees) with DGPS coordinates were included to the sample data set for modeling ( Figure 1(b) , yellow points).
Satellite Data
RapidEye and TerraSAR-X images with one day time difference between the acquisitions were provided by the German Aerospace Centre (DLR) in May 2009 ( Table 1 ). The RapidEye image was a systematically geocorrected L2A radiance product [28] . The image was radiometrically, sensor, and geometrically corrected and aligned in UTM map projection by the data provider. The geometric correction was carried out using a coarse digital elevation model (DEM) of the Shuttle Radar Topography Mission (SRTM) without the incorporation of ground control points [28] . The image originally had a ground resolution of 6.5 m but was resampled to 5 m during orthorectification. The atmosphere was free of clouds during acquisition. However, only 41% of the scene contained data ( Figure 1 ).
The TerraSAR-X image was acquired in StripMap (SM) mode with HH polarization. In the SM mode, the ground swath was illuminated with a continuous sequence of pulses with the antenna beam fixed in elevation and azimuth [29] . The image was provided as a Single Look Slant Range Complex (SSC) product [30] . A visual comparison indicated a shift of the RapidEye image in relation to the orthorectified SAR image. This systematic error is known for Level 2A products [31] . Since the SAR image was orthorectified using a highly accurate digital surface model (DSM), the position of the RapidEye image was rectified using the orthorectified TerraSAR-X image as a reference.
The next pre-processing step was to convert the radiance values to top of atmosphere reflectance (TOA) [28] . In contrast to the radiance, the reflectance can be considered as a property of the material being observed that is not dependent on the illumination, orientation and position of the target. Reflectance images are generally more suitable than radiance images to calculate vegetation indices [32] .
Band ratios and several vegetation indices were calculated for each pixel (see Table 2 for all indices). Table 2 . Vegetation indices calculated from the RapidEye data.
Index Formula
NDVI [38] NIR Red NIR Red
− +
Red-edge Green NDVI [39] (Red-edge) Green (Red-edge) Green
Green NDVI (GNDVI) [40] NIR Green NIR Green
Red-edge index (NDRE) [41] NIR (Red-edge) NIR (Red-edge)
Pre-Processing of TerraSAR-X Data
An absolute calibration of the backscattered complex signal was carried out for the SSC product by applying the constant factor (k) delivered with the data. This is equivalent to computing the radar brightness (β 0 ) that represents the radar reflectivity per unit area in slant range:
where i and q represent the imaginary and real parts of the digital numbers in the image [33] . To reduce errors in the pixel location, the β 0 image was orthorectified using a high resolution digital surface model (DSM) with a resolution of 2 m derived from airborne laser scanning (ALS) first returns. The ALS data were collected in the winter of 2002 by the Land Survey Bureau of Baden-Württemberg (LGL) and have an approximate density of 0.5 points per square meter [34] . The DSM was computed using the software TreesVis [35] . The orthorectification was based on a look-up table containing the transformation between the radar and the map geometry [36] implemented in the software GAMMA [37] . The look-up table was derived from orbital information and elevation of the DSM, and was refined for increased precision by estimating offsets between the SAR image and a simulated SAR image derived from the DSM as reference. The SAR image was finally transformed to map geometry using the refined look-up table.
The map projection of the orthorectified image with 2 m pixel size was UTM zone 32N.
To correct the effects of the incidence angle on the pixel values, the SAR data was radiometrically calibrated by calculating the radar reflectivity per unit area in ground range (σ 0 ):
where σ 0 represents the scattering coefficient, β 0 constitutes the radar brightness and Θ loc is the local incidence angle [33] .
Statistical Modelling
Our aim was to identify parsimonious models that adequately explained the data. Three statistical approaches (ME, GLM and RF) were compared. Explanatory variables calculated from RapidEye and TerraSAR-X imagery were evaluated separately and in combination. The calculation of the explanatory variables and the statistical approaches is described in the following subsections.
Explanatory Variables
To link remote sensing and field data, circular plots, each with 5 m radius, were created to cover groups of three or more trees with bark beetle green attack observed in the field. The midpoints of the plots were the center coordinates of the tree positions. The radius of 5 m was chosen in order to consider the average crown diameter (5 m to 6 m) of the trees and the approximate positioning error of the DGPS coordinates (up to 3 m). The overlap of neighboring plots was in no case larger than 10%. Furthermore, plots had to be located more than 10 m away from forest borders. A total of 15 plots were used as references for the bark beetle green attack (presence data) to fit the statistical models.
To obtain data over areas without bark beetle green attack (also known as absence observations or background data), circular plots with 5 m radius of were located along a grid of sample points with a spacing of 50 m by 50 m and a random origin that was laid over the study area (Figure 1(b) , brown points). The health status of the trees at these sample points were unknown, although, since no infested trees were detected in these areas during the conventional terrestrial monitoring of the forest service, they most likely contained healthy trees. These plots were visually classified as coniferous and non-coniferous by an expert using color orthophotographs from 2007 with a spatial resolution of 25 cm. A total of 230 plots dominated by conifers were used as background data.
Descriptive statistics were calculated from the distribution of the pixel values of the TerraSAR-X and RapidEye images within each plot. The descriptive statistics for RapidEye were the standard deviation (sd), maximum (max), minimum (min), and mean. The descriptive statistics were calculated independently for the five RapidEye bands, band ratios and vegetation indices. The descriptive statistics of TerraSAR-X were sd, max, min, mean, median (Q2), as well as the first (Q1) and third (Q3) quartiles of the backscatter distribution. The descriptive statistics were used as candidate explanatory variables in the statistical models.
Model Types
The accuracy of the results depends on the type of reference data (presence-only or presence-absence data), the reference accuracy [25] and the modeling approach. In a strict sense, the reference data used in this study was of a presence-only type as only coordinates of trees infested by bark beetles were recorded in the field. The coordinates of healthy trees (absence-or background data) were not obtained in the field but selected using aerial images.
The ME approach allows using presence-only data, while presence-absence data are needed for GLM and RF. ME transforms the explanatory variables to functions that explain the distribution of the presence data (green attack) [43] . The GLM and RF approaches analyze the relationship between classes (green attack and healthy) and the explanatory variables [25] . The method of the variable selection also differs between the approaches. Some details of each statistical approach are outlined below.
(a) Generalized Linear Model (GLM)
GLM is an extension of the linear regression model to binary data (green attack or healthy) [44] . To fit the GLMs, bark beetle green attack was assumed to be absent in the background data. If g denotes the logarithm as a link function, the logistic regression equation can be denoted as:
with where π i is the probability of the ith of n observations (plots) being a member of the first class (green attack) and η i is a linear predictor, with
x representing a vector of explanatory variables and β the vector of covariates. For a detailed description of GLMs, see [45] .
A stepwise procedure with forward and backward selection, based on the analysis of variance, was used to select the most relevant variables ( [44] ; p. 207). After the stepwise variable selection, non-significant variables (P > 0.1) were removed from the model. The R system for statistical computing [46] and the R package MASS [44] were used to fit the GLMs. In a preliminary analysis, a mixed-effects model [47] was also tested to determine if the clustered structure of the data required consideration. No significant effects were found and results are therefore not reported.
(b) Maximum Entropy (ME)
Maximum entropy is a semiparametric approach that is frequently used in ecological studies (e.g., [26, 48] ). The aim of ME is to find the maximum entropy given the model parameters in a dataset of presence observations in relation to a set of background data representing the entire study site. The advantage of ME is that it uses background data as contrast, which reduces problems related to possibly unreliable absence observations [26] . Background data are a sample, which describes the variability of the explanatory variables in the study site that can include presence and absence observations. A detailed description of ME can be found in [26] .
The ME approach allows the use of five types of functions whose application depends on the sample size and the desired complexity of the model. We used hinge functions, which are piecewise linear splines (also known as hockey-stick functions [49] ). The model can therefore be considered as being semiparametric [26] . The selection of variables is based on estimates of the relative contribution of each variable to the model fit. Additionally, the jackknife test of variable importance is used to
reduce the number of explanatory variables [50] . The model fitting and the variable selection were carried out using the program MaxEnt (version 3.3.3e) [50] .
(c) Random Forest (RF)
This approach is based on ensembles of classification and regression trees (CARTs) [51] . A decision tree is a regression model that explains variation in the response variables by recursively partitioning the dataset [52] . Based on a statistical measure, one of the explanatory variables is selected to build homogeneous subgroups. These subgroups can then be further partitioned. Therefore, decision trees are composed of nodes (points within the tree where a group is split into smaller groups) and leaves (groups that are not longer partitioned) [53] .
For generating a RF model, an ensemble of several hundred CARTs are grown [51] . For every tree that constitutes a base learner, a bootstrapped sample of the data is taken. Instead of using all variables to find the best split at a node of a tree as in classical CART, in RF, a random subset of explanatory variables is used (see [53] for a detailed description of the RF approach).
For the classification with RF, a total of 500 decision trees were used. The RF models were fit using the R package yaImpute [54] . The selection of the explanatory variables was based on the variable importance score function of the R package party [55] . The importance of a given explanatory variable was defined by the difference of the model accuracy before and after a random permutation of the values of the variable, averaged over all trees. As for the GLM, background data were assumed to be absence observations.
Final Model Selection
The interpretation of the results was based on two assumptions: (a) the background dataset contained only healthy trees and (b) probabilities of presence greater than 0.5 predicted by a model were classified as bark beetle green attack. However, it should be noted that the model predictions, especially those of ME, are not probabilities of attack in the strict sense of the word. It is more appropriate to interpret them as a relative index where high values represent higher probability of green attack. The reason is that the prevalence of the presence or absence of the green attack at the background locations is unknown [44] .
The explanatory variables that were identified as being important by each method were also tested in the other approaches to identify the combination of explanatory variables that resulted in the highest classification accuracy for the three approaches.
The best model was selected consulting Cohen's Kappa Coefficient (kappa) and the area under the curve (AUC) after leave-one-out cross-validation (to avoid overfitting). Interpretation of the kappa values were based on the categories proposed by Landis and Koch [56] where the classification accuracy of kappa ≤ 0.20 is poor, 0.21 < kappa ≤ 0.40 fair, 0.41< kappa ≤ 0.60 moderate, 0.61 < kappa ≤ 0.80 good, and 0.81 < kappa ≤ 1 very good. The AUC is an assessment of model performance or predictive power [57] . Models with random outcome tend to have AUC values of 0.5, while perfect models have AUC values closer to 1.0. Phillips and Dudik [58] suggested that models with AUC values above 0.75 can be considered useful for predictions.
Finally, a prediction map of bark beetle green attack at the study site was generated. For this purpose, a test area was tessellated into hexagons with the same size of the reference data (78.5 m 2 , circular plots with a radius of 5 m). The explanatory variables were extracted for each hexagon located within forested area. These values were used as input for the fitted models resulting in a prediction of green attack probability for each polygon. The predictions were displayed in map form and visually compared with the maps of the terrestrial monitoring from 2009 and orthophotos from 2007.
Results
In general, plots affected by bark beetle green attack tended to have higher reflectance and radar backscatter than background areas. In addition, the variability of most of the explanatory variables was greater for attacked areas than for the background areas, as can be seen by the larger interquartile distances of plots with green attack. However, the spectral information, as expressed by single explanatory variables, overlapped strongly ( Figure 2 ). The variable selection implemented in ME was more suitable than the variable selection used for RF and GLM. The RF and GLM models improved when the variables selected by ME were used as explanatory variables instead of the variables selected by RF or GLM. In the final models, ME and RF shared the same explanatory variables, while for the GLM three of these variables were not statistically significant from zero and were therefore not included in the final model (Figure 2) . ME always resulted in models with the highest accuracy compared to GLM and RF. The best model based on the RapidEye image resulted in a kappa of 0.51. The best model based on the TerraSAR-X data resulted in a kappa of 0.23. The highest classification accuracy with a kappa of 0.74 was obtained by combining the spectral information of the two sensors (Table 3 ). The accuracy of the ME and GLM models were similar whether or not cross-validation was applied. In contrast, the accuracy of RF substantially deteriorated after cross-validation. Estimates of relative contributions of the explanatory variables to the three models calculated with ME are given in Table 4 . Table 3 . Confusion matrices and performance of the best models after cross validation (0 = Background (n = 230 plots); 1 = Green attack (n = 15 plots); ME = maximum entropy; RF = random forest; GLM = generalized linear model). An example of the prediction maps obtained with the ME model is displayed in Figure 3 (see also Figure A1 ). Basically, all areas that contained trees with bark beetle green attack were correctly predicted (no omission errors). However, many commission errors were visible. The visual interpretation of the maps indicated that the most common factors for commission errors were mixed coniferous/deciduous areas and areas close to inner-and outer forest borders. 
Discussion
The study evaluated the capabilities of RapidEye and TerraSAR-X imagery for the early detection of bark beetle green attack using three different statistical methods.
RapidEye data resulted in moderate classification accuracy when used alone. The reflectance patterns observed were consistent with studies that analyzed the effect of water stress of leaves or needles on the spectral signature [59] [60] [61] . Higher reflectance values in the visible spectrum are an indicator of vegetation stress [8] . The reduction of chlorophyll b and carotenoids contents in the needles of stressed trees reduces the absorption in the blue band [62] [63] [64] [65] , whereas changes in the concentration of chlorophyll a influences the absorption in the red-edge band more [65, 66] . The absorption in the red band is influenced by changes in the chlorophyll a and b concentration [62] . The absorption in the infrared band decreases when persistent stress begins to cause changes in the leaf structure at the cellular level (foliage desiccation) [59] .
As opposed to Schweigler [13] who identified bark beetle green attack in the visible spectrum and not in the NIR range, we also used the NIR bands to distinguish between plots affected by green attack attacked and healthy areas (background). This indicates that Schweigler [13] identified trees in an initial stress phase, while areas with trees in the early process of desiccation were identified in the current study.
The NDVI observed within plots affected by green attack and background areas were typical for vegetation with average to good vigor [67] . Plots affected by green attack tended to have higher NDVI than background areas, since the differences of the reflectance between attacked and background areas in the NIR band were considerably greater than the differences in the red band. Similar results were reported by Richardson and Berlyn [59] who compared the reflectance of fresh spruce branches with the reflectance of the same branches three days after cutting. The NDVI values are likely to decrease again once the green attack turns into red attack [68] as consequence of needle loss and decreased tree vitality [69] .
The GNDVI and red-edge NDVI were important explanatory variables to discriminate between attacked and background areas when RapidEye data was used alone. These two vegetation indices are known to be well correlated with chlorophyll and carotenoid concentrations [65] . The vegetation indices based on the combination of the red and red-edge bands have been shown to be useful for the estimation of chlorophyll a and b concentrations at leaf and canopy levels because they minimize the effects of the soil reflectance [8] and are less influenced by leaf biomass than the NDVI [7, 65] .
The use of TerraSAR-X data alone resulted in fair classification accuracy. Because trees attacked by bark beetles become progressively more water stressed due to xylem disruption [68] , a possible reduction in the radar backscatter of attacked areas resulting from a decreased dielectric constant of infested trees was expected. This assumption was based on the observations of McDonald et al. [70] , who monitored ten trees over several weeks and analyzed the relationship between tree water availability, dielectric constant and radar backscatter. In contrast, current results displayed higher backscatter values in areas with bark beetle attack. However, the interaction mechanism between radar microwaves and trees is not only influenced by the dielectric constant, but also by the crown structure, needle mass and needle orientation, especially in short wavelengths as the X-band [71] . Therefore, the water-stress signal may have been masked by other effects.
The higher standard deviation of the radar backscatter and the large interquartile distance in attacked areas for most of the explanatory variables were likely attributable to higher variances in spectral signatures from trees having different levels of beetle infestation. As shown by Hickey et al. [72] , trees with different symptoms of infestation and different health levels have different biochemical compositions, leading to higher degrees of variance in the spectral signature.
Marx [14] analyzed multi-temporal RapidEye data for the detection of stands with bark beetle attack in green and red stages. Similar to this study, he used eight explanatory variables for the classification, including the green and red bands as well as vegetation indices based on the red-edge band, obtaining a cross validated kappa of 0.78 (including green and red attack). Despite the higher spatial resolution, the classification accuracy of green attack in this study was comparable when RapidEye and TerraSAR-X data were combined. While Hildebrandt ([73] ; p. 628) reported that small-scale forest diseases cannot be identified in SAR images, current results showed that SAR data can complement optical data to improve the classification accuracy. Ranson et al. [74] also used SAR and optical satellite data for disturbance recognition in boreal forests. They observed that, although optical imagery was the single best data type for this purpose, the classification accuracy of moderate and severe insect damages was improved by combining optical and SAR images which was corroborated by results from the current study.
Although Wulder et al. [75] found the use of remotely sensed data for detection of bark beetle green attack at endemic level not viable in Canada, results from the current study are promising for the region in which the study was conducted. However, as indicated by other researchers (e.g., [13, 68, 76] ), the spectral reflectance of the bark beetle green attack is too generic to identify this specific stressor. This means that a differential diagnosis of bark beetle green attack by using remote sensing data is limited since other stressors that cause water stress may result in similar spectral signatures. This may partly explain the commission errors in the prediction map. Another reason for incorrect predictions of attack was the high variability of the spectral information in forest borders and areas with mixed tree species. Additionally, the importance of the blue band as an explanatory variable for the identification of attacked areas may contribute to the false classification in areas with mixed coniferous forest because this band has also been shown to be important in distinguishing between coniferous tree species [65] .
The sample size of attacked trees was a critical aspect for the supervised classification since it depends heavily on the number and quality of the ground-truth data [77] . The accuracy of GLM and RF are negatively influenced by small sample sizes (e.g., [23, 78, 79] ). The advantage of ME is that it can be fitted with a low number of presence-only observations and that it is able to model possibly non-linearly relationships. Another advantage of ME compared to RF, which was also reported by Guisan et al. [78] , was that the accuracy was not affected applying cross-validation. This indicated that RF was more prone to overfitting than ME. It should be noted that ME is conceptually equivalent to a GLM [80] . The reason for the better performance of ME compared to the GLM can be attributed to the transformation and selection of the explanatory variables in the applied software.
Conclusions
The following conclusions can be drawn from this case study: (i) detection of bark beetle green attack with fair to good accuracy (kappa of 0.23-0.74) is possible using adequate remote sensing data and modeling approaches, (ii) when used alone, RapidEye data resulted in a higher accuracy (kappa of 0.51) than TerraSAR-X (kappa of 0.23), (iii) the combination of RapidEye and TerraSAR-X resulted in a considerably higher accuracy (kappa of 0.74) than using only one of the sensors, (iv) given the sparse occurrence of trees with bark beetle green attack and the resulting small sample size of presence-only data, the maximum entropy (ME) approach was found to be better suited for classification than random forests (RF) and generalized linear models (GLM).
Remote sensing-based maps indicating the presence of bark beetle green attack could support the current monitoring practice used by the forest service by focusing the terrestrial search of infested trees to areas predicted as attacked. This may reduce costs and improve the efficiency of the monitoring program. Future studies should investigate whether the findings from the current study can be validated on larger areas and in other biomes. Furthermore, to improve the results, future studies should explore the suitability of multi-temporal images and SAR data of other polarizations.
